ABSTRACT: The solubilities of phenothiazine in water, ethanol, and propylene glycol were measured at (298.2 to 338.2) K. Also, the solubility of phenothiazine in binary mixtures of ethanol þ water, propylene glycol þ water, and ethanol þ propylene glycol, and the ternary mixture of ethanol þ propylene glycol þ water was investigated. The van't Hoff equation was used to correlate the solubility of phenothiazine in monosolvents at different temperatures. The solubility values of phenothiazine in binary and ternary mixtures of solvents were calculated using the JouybanÀAcree model (Jouyban, A.; Acree, W. E., Jr. J. Chem. Eng. Data 2009, 54, 1168À1170). The mean deviation was used as an error criterion. The overall mean deviation of correlated solubility data in monosolvents at different temperatures and in mixed solvents at 298.2 K were 2.8 % and 14.2 %, respectively.
' INTRODUCTION
Solubility is an important physicochemical property which plays basic role in most pharmaceutical and industrial processes. To investigate this property different tools have been used such as experimental techniques, mathematical calculations, and simulation. Usually the low solubility of pharmaceutical compounds causes them to fail during the drug development process. Different factors influence the solubility in a medium, some of which include cosolvents, temperature, pH of the solution, and presence of surfactants.
Phenothiazine, a triheterocyclic compound (see Figure 1 for its structure), is a veterinary antihelminthic drug, and its derivatives are widely used in pharmacotherapy. Phenothiazine is one of the oldest lead compounds in medicinal chemistry, synthesized in 1883, and clinical applications of the generated drugs from this lead compound were reported in 1891 as antimalaria drug, in 1930s as antifungal, in 1940s as antihelmentic, in 1947 as antihistaminic, in 1951 as antipsychotic, in 1990 as antioxidant, and in 2009 as a promising drug in Alzheimer disease. 1 Solubility data of phenothiazine could be valuable in pharmaceutical applications as many phenothiazine derivatives are of the main and important pharmaceutical compounds. Hoover et al. 2 previously presented mathematical correlation of phenothiazine solubilities in organic solvents with the Abraham solvation parameter model following experimental determination of this solute in monosolvents at 298.2 K. 2 To the best of our knowledge, these are the only reported solubility data for phenothiazine in the literature. Thermodynamic parameters, solubilities, and interactions with micelles of a number of phenothiazine derivative drugs were investigated by Mandal et al.
3À5
The aims of this study are to determine the solubility of phenothiazine in water, ethanol, and propylene glycol at (298.2 to 338.2) K and in ethanol þ water, propylene glycol þ water, ethanol þ propylene glycol, and ethanol þ propylene glycol þ water mixtures at 298.2 K. In addition, the solubility correlations of phenothiazine in the monosolvents at different temperatures and their mixtures are investigated.
' EXPERIMENTAL METHOD Materials. Phenothiazine with the Chemical Abstracts Service (CAS) number of 92-84-2 and International Union of Pure and Applied Chemistry (IUPAC) name of 10H-phenothiazine (purity >0.98 in mass fraction) was purchased from Merck (Germany) and recrystallized from acetone to obtain a purified sample with melting point of 456 K. The measured solubilities at 298.2 K in a number of monosolvents were also compared with available experimentally measured data from the literature (see Results and Discussion section).
2 Ethanol (0.999 in mass fraction) and propylene glycol (0.995 in mass fraction) were purchased from Scharlau Chemie (Spain). Double-distilled water with a conductance of <1.5 microsiemense was used.
Apparatus and Procedures. The solubility of phenothiazine in ethanol, propylene glycol, and water was measured at (298.2, 308.2, 318.2, 328.2, and 338.2) K. An excess amount of the solid was poured into monosolvents and incubated in ovens , for three days. The samples were shook manually three times a day to ensure the equilibration. The results of a previous paper revealed that one day (often longer) is enough to reach equilibration condition using periodic agitation. 2 To prepare the binary and ternary solvent mixtures, appropriate volumes of the solvents were mixed together. The solvents' mole fractions were computed using the densities of the pure solvents. The solvent composition could be calculated to 0.001 mole fraction. The solubility of phenothiazine was determined by equilibrating an excess amount of the solid with the binary and ternary solvent mixtures using a shaker (Behdad, Tehran, Iran) which are incubated in a temperature-controlling system at 298.2 ( 0.2 K (Nabziran, Tabriz, Iran). All recrystallization and incubation processes were done under light proofed conditions. The solutions were filtered using hydrophilic Durapore filters (0.45 μm, Millipore, Ireland). All of the solutions except water were diluted by ethanol; however, water solution samples were diluted by water. For aqueous solutions at (298.2 and 308.2) K, because of very low solubility, no dilution was required, and aqueous solutions at other temperatures were diluted with water. As phenothiazine is dissolved in water significantly less than in ethanol, we have used two calibration curves for water and ethanol diluted samples. Spectrophotometric analysis was performed at 317 nm for all of the samples except of the water samples, which were assayed at 250 nm with a UVÀvis spectrophotometer (Beckman DU-650, Fullerton, USA). Concentrations of the diluted solutions were computed using two UV absorbance calibration graphs with the molar absorptivities of phenothiazine ranging from ε = 3321.167
) and concentrations ranging from (1.004 3 10 À4 to 3.011 3 10
À4
) mol 3 L À1 for the phenothiazine solutions diluted with ethanol and from ε = 39854 (L 3 mol
) with the concentrations ranging from (5.018 3 10 À6 to 2.509 3 10 À5 ) mol 3 L À1 for aqueous samples. Each experimental data point is the mean of at least three independent measurements with the measured mol 3 L À1 solubilities reproducible to within the mean relative standard deviations (RSDs) of 2.3 % and 2.7 % in monosolvents at different temperatures and mixed solvents at 298.2 K, respectively. Calculated standard deviations ranged from σ nÀ1 = 1.6 3 10 À7 to σ nÀ1 = 1.1 3 10 À2 mol 3 L À1 and σ nÀ1 = 3.4 3 10 À8 to σ nÀ1 = 7.5 3 10 À3 mol 3 L À1 at different temperatures and mixtures of solvents, respectively. Densities of the saturated solutions were obtained using a 5 mL pycnometer with the method uncertainty of 0.001 g 3 cm À3 as a single determination. Computational Methods. Solubility models such as modified separation of cohesive energy density (MOSCED), universal functional activity coefficient (UNIFAC), nonrandom two-liquid segment activity coefficient (NRTL-SAC), and the JouybanÀ Acree models have been previously used for solubility correlation or prediction. Among these models, the JouybanÀAcree model which was exploited in this manuscript is able to correlate solubility with acceptable error. The basic JouybanÀAcree model is
where C m,T Sat , C 1,T Sat , and C 2,T Sat are the solubility (mol 3 L À1 ) of the solute in a mixture of solvents, solvent 1, and solvent 2, respectively; x 1 and x 2 are the mole fractions of solvents 1 and 2 in the absence of the solute (if log C 1,T Sat > log C 2,T Sat ), and J i coefficients are the solventÀsolvent and soluteÀsolvent interaction terms. These constant terms can be obtained by no-intercept leastsquares regression of (log C m,T Sat À x 1 log C 1,T Sat À x 2 log C 2,T Sat ) against (x 1 x 2 )/T, (x 1 x 2 3 (x 1 À x 2 ))/T, and (x 1 x 2 3 (x 1 À x 2 )
2 )/T using experimentally measured solubility data in the binary solvent mixture. For calculating solubility in ternary solvent mixture, eq 1 could be extended as
where C 3,T Sat shows the molar solubility of the solute in pure solvent 3. The constant terms of this equation can be obtained by no-intercept least-squares regression of log C m,T Sat À (
2 )/T using the experimentally measured solubility data for ternary solvent mixtures and calculated J i terms for the binary solvent mixtures.
For the solubility correlation of a solute in a solvent at different temperatures, the van't Hoff equation is used
where C T Sat is the saturated molar solubility at different temperatures and a and b are the model constants calculated using a leastsquares method.
Comparing correlated solubilities with the corresponding experimental values, the following equation was used to calculate the mean deviation (MD)
' RESULTS AND DISCUSSION Table 1 lists the density of the saturated solutions, experimental and correlated molar solubilities of phenothiazine along with mole fraction solubilities, and the statistical coefficients of eq 3 for water, ethanol, and propylene glycol solutions at different temperatures. Densities of the solutions gradually decrease with increased temperature which could be explained by volume expansion at higher temperatures. As expected the solubility of phenothiazine increases with increasing temperature for the three monosolvents investigated in this work. There is good agreement between the reported solubilities of phenothiazine at 298.2 K in water (7.94 3 10 À6 mol 3 L À1 ) 1 and ethanol (0.149 mol 3 L À1 and 0.00890 mole fraction) 2 with the results of this work (8.63 3 10 À6 mol 3 L À1 in water; and 0.146 mol 3 L À1 and 0.00868 mole fraction in ethanol). The measured data extend the available solubility databases 9,10 of drug/drug-like molecules in monosolvent systems and could be used to develop more accurate models to predict the solubility of drug candidates, which is in demand in the pharmaceutical industry. Table 2 gives the densities of the saturated solutions and the experimental molar and mole fraction solubilities of phenothiazine (see Figure 2 ) in binary and ternary solvent mixtures using the JouybanÀAcree model according to eqs 1 and 2, respectively. The generated solubility of phenothiazine in binary and ternary solvent mixtures extends the available solubility database. 9 The correlated solubilities were compared with the corresponding experimental data and the computed MD values along with the model constants are listed in Table 3 . The overall MD value is relatively high when compared with the overall MD (i.e., 5.9 %) for the correlated solubility data using the same number of model constants. 11 However, the MD could be considered as an acceptable error where the error of <30 % is the acceptable margin in the pharmaceutical area. 12, 13 It should be added that a number of data points produced relatively high deviations, including the solvent compositions of (x 1 = 0.302, x 2 = 0.623, x 3 = 0.075), (x 1 = 0.334, x 2 = 0.000, x 3 = 0.666), (x 1 = 0.000, x 2 = 0.505, x 3 = 0.495), (x 1 = 0.182, x 2 = 0.000, x 3 = 0.818), and (x 1 = 0.667, x 2 = 0.000, x 3 = 0.333) which produced the percent deviations of (34.1, 41.9, 44.4, 54.3, and 64.4) %, respectively. By excluding these five data points the overall MD reduces to 10.6 %; however, to avoid any bias, these data points have not been excluded from the calculations. The JouybanÀAcree model could be trained at one temperature (usually 298.2 K) and then used to predict the solubility of phenothiazine in the mixed solvents at other temperatures of interest employing the experimental data in monosolvents at these temperatures as shown in previous works. 6, 14 The generated data in monosolvents at various temperatures of Table 1 and the model constants of Table 3 could be combined to provide a predictive computational method for the solubility of phenothiazine in the ethanol þ propylene glycol þ water mixtures for the solubilization/desolubilization of the solute using solvent composition and/or temperature changes. This prediction method facilitates the process design and speed up the formulation and/or crystallization investigations in the pharmaceutical industry.
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